A method for protein structure prediction has been developed, which evaluates the compatibility of an amino acid sequence with known 3-dimensional structures and identifies the most likely structure. The method was applied to a large number of sequences in a database, and the structures of the following proteins were predicted: (1) shikimate kinase (SKase), (2) the hydrophilic subunit of mannose permease (IIABMa"), (3) rat tyrosine aminotransferase (Tyr AT), and (4) threonine dehydratase (TDH). The functional and evolutionary implications of the predictions are discussed.
codes of the structures are listed in the Materials and methods section. Each of the 1,182,306 sequence-structure pairs compared was scored according to its compatibility. The distribution of the compatibility scores (St,,,; see Materials and methods) is shown in Figure 1 . It was empirically found that a score of -3.0 or lower often indicates good compatibility. There were 3,593 pairs with scores of -3.0 or lower. An auxiliary score, S E , was also used, which assesses the compatibility per residue threaded onto a structure (see Materials and methods). A threshold was empirically set to -1.5. The use of S g further reduced the number of sequence-structure pairs to 1,489. After pairs with clear sequence homology were removed, 244 pairs were retained. Of the retained pairs, those yielding interesting implications for their functional or evolutionary relationships were selected, and are described below in detail.
Shikimate kinase
Shikimate kinase (SKase; EC 2.7.1.71; 19 kDa) acts in the shikimate pathway for aromatic amino acid biosynthesis in plants and microorganisms, and catalyzes the phosphorylation of shikimic acid to shikimate 3-phosphate. The Escherichia coli SKase I1 sequence (Millar et al., 1986 ; PIR code, KIECS) was Y. Matsuo and K. Nishikawa compared with known structures. The pig adenylate kinase (AKase; EC 2.7.4.3; 22 kDa, 194 residues) structure (Dreusicke et al., 1988; PDB code, 3ADK) showed the best compatibility score (-3.40 ) despite a lack of significant overall sequence similarity (19% identity), and outdistanced other structures ( Table 1) . The AKase structure also showed good compatibility scores for other SKase homologues contained in the database (Table 2) . These results suggest a structural similarity between SKase and AKase.
The alignment of the AKase structure and the SKase sequences (Fig. 2) shows that they have the type A sequence motif "GXXXXGK(S/T)" (Walker et al., 1982) in similar positions (Gly 15-Gly 22 of AKase, and Gly 9-ThrISer 16 of SKases). This motif is found in various ATP-or GTP-binding proteins. The alignment also shows that 2 arginine residues are conserved: Arg 107 and Arg 138 of AKase, and Arg 88 and Arg 120 of E. coli SKase 11. The Arg 107 residue of AKase is a part of the type B sequence motif for ATP binding (Walker et al., 1982) . The Arg 138 residue is also known to be involved in ATP binding (Dreusicke et al., 1988) . The conservation of these functionally important residues supports the structure prediction and suggests the similarity between the functional mechanisms of AKase and SKase.
Although the overall sequence similarity between AKase and SKases is very low (less than 20% identity), the jumbling test showed the statistical significance of the similarity of E. coli SKase I1 and Erwinia chrysanthemi SKase to pig AKase, by 5.13 and 4.84 standard deviation units, respectively (Table 2) . Together with the predicted structural similarity and the conservation of functionally important residues, this weak sequence similarity might indicate a distant evolutionary relationship.
Hydrophilic subunit of mannose permease
The mannose permease of E. coli is a component of the phosphotransferase system (PTS) (Postma et al., 1993) . It mediates the transport of mannose and related hexoses across the cytoplasmic membrane. The permease consists of a hydrophilic subunit, IIABMa", and 2 transmembrane subunits, IICMan and The total number of residues of the structure.
types contained are listed. The sequences were threaded onto the structure of this protein.
IIDMa". The hydrophilic subunit, IIABMa" (35 kDa, 323 residues), catalyzes the phosphate transfer from the histidinecontaining phosphocarrier protein (HPr) to the sugar substrate.
The IIABMa" sequence (Erni et al., 1987; PIR code, WQECM3) was compared with known structures. E. coli galactose/glucosebinding protein (GGBP; 33 kDa, 309 residues) (Vyas et al., 1988; PDB code, 2GBP) showed the best compatibility score (-3.34). Other periplasmic binding proteins, such as leucine-binding protein (LBP) (Sack et al., 1989 ; PDB code, 2LBP) and arabinosebinding protein (ABP) (Quiocho & Vyas, 1984; PDB code, 8ABP) , also showed good scores (-2.53 and -1.80, respectively) (Table 3 ). LBP and ABP are known to be structurally similar to GGBP (Quiocho, 1991) . It has been reported that IIABMa" consists of 2 structural domains, IIA (14 kDa, residues 1-136) and IIB (20 kDa, residues 156-323), which are linked by an Ala-Pro-rich flexible hinge of 20 residues (Erni et al., 1989; Genovksio-Taverne et al., 1990) . The IIA and IIB domains aligned well with the N-and C-terminal domains of GGBP, respectively (Fig. 3) . The Ala-Pro-rich hinge was aligned with the first a-helix of the C-terminal domain of GGBP (Fig. 3) . Because the proline is a helix-breaker, it is not clear whether this local region of the IIABMa" would adopt an a-helix. However, this helix of GGBP is a part of the hinge region, which is important for interdomain motion (Mowbray & Cole, 1992) . This functional similarity suggests that the alignment would be reasonable.
IIABMa" is phosphorylated at His 10 of the IIA domain and
His 175 of the IIB domain (Erni et al., 1989) . A phosphate group is transferred from HPr to His 10, and next to His 175, and finally to the sugar substrate. For this phosphotransfer to occur, the 2 histidine residues and the substrate-binding region should be in close proximity. Our prediction satisfies this requirement; when the IIABMa" sequence is threaded onto the GGBP structure, His 10 and His 175 are located on loops in the substratebinding cleft of GGBP (Fig. 4) . Recently, Markovic-Housley et al. (1994) predicted that the IIA domain would be structurally similar to flavodoxin. Their prediction was based on the following experimental data. First, mutant studies suggested that residues Trp 12, Trp 69, and Ser 72 are spatially close to the phosphorylation site, His 10. Second, NMR studies indicated an alternating a/@ structure consisting of 4 a-helices and 5 @-strands. On the basis of these experimental observations, they hypothesized that the IIA domain would adopt an open-sheet a/@ topology with a strand order of 54312. Using 3-dimensional (3D) profile methods (Bowie et al., 1991; Overington et al., 1992) , they selected flavodoxin from the known a/@ proteins. Our results are consistent with their prediction. The N-terminal domain of GGBP, with which the IIA domain was aligned by our method, has the same topology with flavodoxin; the order of the 5 parallel @-strands is 54312. Trp 12, Trp 69, and Ser 72 are located on loops in the substrate-binding cleft, in close proximity to His 10 (Fig. 4) .
Rat tyrosine aminotransferase
Aminotransferases (AT) catalyze the transfer of an a-amino group from an a-amino acid to an a-ketoglutarate, with pyridoxal 5"phosphate (PLP) as a coenzyme. In Table 4 , various ATs are compared. They are classified into 2 groups according to sequence similarity. One group includes rat tyrosine aminotransferase (Tyr AT), and the other group includes E. coli aspartate AT.
Rat Tyr AT (EC 2.6.1.5; 51 kDa, 454 residues) (Hargrove et al., 1989 ; PIR code, XNRTY) was compared with known structures, and the E. coli Asp AT structure (EC 2.6.1.1; 44 kDa, 396 residues) (Smith et al., 1989; PDB code, 2AAT) showed the best compatibility score (-3.18; Table 5 ). E. coli Asp AT also showed good scores for other sequences of the group to which Ss, which assess the compatibility per residue, are also shown.
PDB code. The fifth character denotes the subunit name.
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rat Tyr AT belongs ( Table 4) . These results suggest the structural similarity between the 2 AT groups, despite the lack of significant overall sequence similarity. A distant homology between the 2 groups has been proposed from their functional similarity and the coincidence of functionally important residues (Hargrove et al., 1989; Mehta et al., 1989) . Our results support this prediction that they have an evolutionary relationship. 
Threonine dehydratase
The threonine dehydratase (TDH; EC (Malumbres et al., 1988 ; PIR code, DWFKTG), a member of the TDH superfamily, was compared with known structures, and the WSYP structure (Hyde et al., 1988 a The upper right triangle shows the significance of the sequence similarity in standard deviation units derived from jumbling tests; the lower left triangle, % sequence identity; the right-most column, the compatibility scores (S,,,) when the sequences are threaded onto the E. coli aspartate AT structure (PDB code, 2AAT). The PIR codes of the sequences are: XNRTY, rat tyrosine AT; A38621, thermophilic Bacillus aspartate AT; S07088, Sulfolobus solfataricus aspartate AT; XNEBHC, Salmonella typhimurium histidinol-phosphate AT; S28429, proso millet alanine AT; XNPGDC, pig cytosolic aspartate AT; XNHUDM, human mitochondrial aspartate AT; XNECD, E. coli aspartate AT (2AAT); and XNECY, E. coli tyrosine AT.
Homologous to rat tyrosine AT (XNRTY).
Homologous to E. coli aspartate AT (XNECD).
The sequences were threaded onto the structure of this protein.
showed the best compatibility score (-3.44; Table 7) . Similarly, other members of the TDH superfamily showed good compatibility with WSYP (Table 6 ). These results suggest that the members of the TDH superfamily are structurally similar to WSYP, and support the previous proposal (Levy & Danchin, 1988; Bork & Rohde, 1990 ) that they are evolutionarily related.
Discussion
In the present work, each sequence in the PIR database was compared with a library of known structures, and the most likely structure was selected from the library. This procedure was called the "sequence-recognizes-structure'' procedure by Wodak and Rooman (1993) . Jones et al. (1992) and Maiorov and Crippen (1992) also used this procedure. On the other hand, Bowie et al. (1991) , Godzik et al. (1992) , and Wilmanns and Eisenberg (1993) used the "structure-recognizes-sequence'' procedure (Wo- 1993) , where a sequence database is searched for the compatibility with a given structure. Ouzounis et al. (1993) have reported results using both the procedures. The compatibility of a sequence with a structure was evaluated by the score S,,,. It was empirically found that a score of -3.0 or better often indicates good compatibility, and that the best scored structure can be a good candidate, if there is a large gap in the score between the best one and others. For example, in Tables I , 3 ,5, and 7, the best scores are -3.40, -3.34, -3.18, and -3.44, and the gaps between the best and the second best scores are 0.66, 0.81, 0.94, and 1.01, respectively.
When a long sequence was compared with the structures, longer structures tended to have better (i.e., negatively larger) S,,, scores than shorter ones, irrespective of their real compatibility. For example, aconitase (Robbins & Stout, 1989 ; PDB code, a The structures were sorted in order of their compatibility scores, S,,,. The best 10 structures are listed. The auxiliary scores, S z , which assess the compatibility per residue, are also shown.
Folding type ( a , a/P, a+@, 0) of the structure. If the structure has 2 or more domains with different folding types, all the
types contained are listed. aThe upper right triangle shows the significance of the sequence similarity in standard deviation units derived from jumbling tests; the lower left triangle, T o sequence identity; the right-most column, the compatibility scores (Slot) when the sequences are threaded onto the S. typhimurium WSYP structure (PDB code, IWSYB). The PIR codes of the sequences are: DWHUT, human L-serine dehydratase; DWBYLH, yeast L-serine dehydratase homolog; DWECTS, E. coli biosynthetic TDH; DWECTD, E. coli biodegradative TDH; DWFKTG, Corynebacterium glutamicum threonine synthase; SYECAC, E. coli cysteine synthase A; SYEBAC, S. typhimurium cysteine synthase A; TSEBBT, S. typhimurium WSYP (IWSYB); and TSPSBA, Pseudomonas aeruginosa WSYP.
Homologous to TDH. Homologous to WSYP. The sequences were threaded onto the structure of this protein.
SACN), which is the longest protein (754 residues) in the structural library used in the present work, often obtained the largest scores. This is merely because St,, is derived by adding up the compatibility values for all residues threaded onto a structure (see Materials and methods), and a longer structure has more residues and therefore attains a larger score. To reduce this effect, an auxiliary score, S E , was used to assess the compatibility per residue of a sequence threaded onto a structure. The cutoff value for the score was empirically set to -1.5. A structure prediction is not very convincing if it is based on the evaluation of the compatibility scores alone; further support is desirable, such as functional similarity. In the present work, 11,706 sequences were compared with 101 known structures, and 244 nonhomologous sequence-structure pairs were retained by evaluating the compatibility scores. We examined these pairs to find further support for the structure predictions, and selected those pairs that also showed interesting functional similarities or agreed with known experimental data. SKase and AKase both phosphorylate their substrates (shikimic acid and adenosine monophosphate, respectively) with ATP as the phosphoryl donor. The prediction of the IIABMa" structure is consistent with known experimental data, and explains well the phosphoryl transfer mechanism. Although IIABMa" and GGBP are in different locations in the cell (cytoplasm and periplasm, respectively), they are both involved in the transport of hexoses across the cytoplasmic membrane. The functional similarity between a The structures were sorted in order of their compatibility scores, S,,. The best 10 structures are listed. The auxiliary scores, S;:, which assess the compatibility per residue, are also shown.
Folding type ( a , a/P, a+P, P ) of the structure. If the structure has 2 or more domains with different folding types, all the
rat Tyr AT and E. coli Asp AT, and that between TDH and WSYp, are clear, and their distant homology has already been predicted from the conservation of their functionally important residues.
There are many examples of proteins that adopt similar structures in spite of no significant sequence similarity. The method used in this work did not always identify these structural homologues successfully. For example, phycocyanin and colicin A are known to adopt globin-like structures (Pastore & Lesk, 1990; Holm & Sander, 1993) . When red algae C-phycocyanin sequence (PIR code, CFKKA) was compared with the library of the 101 structures, the best scored globin was the leghemoglobin (PDB code, lLHl), which showed the 12th best score in the library ( S f o f , -1.13); when Citrobacter freundii plasmid colicin A sequence (PIR code, IKEBCA) was compared with the structures, the best scored globin was the myoglobin (PDB code, lMBD), which showed the 19th best score in the library (S,,,, -0.87). Guanylate kinase and adenylate kinase are also known to be structurally similar (Stehle & Schulz, 1990) . Three guanylate kinase sequences from pig, yeast, and E. coli(P1R codes, KIPGGU, KIBYGU, and KIECGU, respectively) were compared with the structures. For the pig guanylate kinase sequence, the AKase structure (PDB code, 3ADK) showed the best compatibility score (S,,,, -2.72). For the yeast and E. coli homologues, however, 3ADK showed the 10th (-1.33) and 8th (-1.57) best scores, respectively. A sequence-structure compatibility method compares a given sequence with a library of known structures. The more structures a library contains, the better possibility of identifying a likely structure. For example, we have recently predicted (Matsuo & Nishikawa, 1994 ) the structure of spermidine/putrescinebinding protein (Furuchi et al., 1991) ; using a library of 131 structures, we identified its compatibility with maltose-binding protein (Spurlino et al., 1991; PDB code, lOMP) , which is not included in the structural library used in the present work. More and more protein structures are being solved by X-ray crystallography and NMR. By adding these newly derived data to the structural library, the compatibility method will be able to predict the structures of a wider variety of proteins.
Materials and methods

Evaluation of protein sequence-structure Compatibility
To evaluate the compatibility of an amino acid sequence with a structure, 4 functions were used: side-chain packing (Fsp), solvation (Fsol,,), hydrogen bonding (Fhb), and local structure (Floc) functions. Except for Fsp, they were defined as in our previous work (Nishikawa & Matsuo, 1993 The side-chain packing function (F,) has been improved to take into account interresidue contact and angle, as well as distance (Matsuo & Nishikawa, 1994) . Fsp indicates the propensity of a residue pair ( a , b ) to be in contact in a particular spatial relationship. The spatial relationship between 2 residues was defined by the distance ( d ) between their Cp atoms and the angle (0) between the residues. The angle 0 between residues i and j was defined as the sum of the angles Cpi-Cai-Cflj and C/3j-Ca,-C/3i. Here, Cai and Cpi denote the C a and Cp atoms of residue i. For glycines, virtual Cp atoms were generated according to a standard amino acid conformation. Then, Fsp was defined by:
Here, The other 3 functions (FS,,,,, Fhb, and F,,J were defined as in our previous work (Nishikawa & Matsuo, 1993) . The solvent accessibility of a residue was defined by the number of main-chain and C0 atoms within a shell between 8 A and 12 A from the Cp atom of the residue (Nishikawa & Matsuo, 1993) . Hydrogen bonds were defined by the DSSP algorithm (Kabsch & Sander, 1983) . Local structures (backbone conformations) of residues were classified into 5 classes: a-helical, right-handed helical, 0-strand, extended, and left-handed helical (Nishikawa & Matsuo, 1993) . The parameters used for the functions are available on request. A sequence was threaded onto a structure using the 3D-profile method (Bowie et al., 1991; Wilmanns & Eisenberg, 1993) . For a structure, a 3D profile was constructed using the above functions, as in Wilmanns and Eisenberg (1993) . A 3D profile is a table that defines a score for finding any of the 20 amino acid types at each residue position. A sequence was aligned with the 3D profile using the Needleman-Wunsch algorithm (1970) . For a sequence mounted on a structure according to the alignment, scores S, ( x = [sp,solv, hb, loc]) were obtained by summing up the values of F, over all residues or residue pairs. S, scores were then added up to give Sf,, , which measured the compatibility of the sequence with the structure. A more negative score indicates better compatibility.
A sequence was compared with a library of known structures. For the individual structures, compatibility scores, S,,,, were calculated. The scores were then normalized using the mean ( m ) and standard deviation ( u ) over all the structures:
where Si,, is the original score. The normalization facilitated the evaluation of the statistical significance of the scores.
An auxiliary score, S E , was defined as follows:
where n is the number of residues threaded onto a structure; and mres and ures are the mean and standard deviation of S i 2 over all the structures, respectively.
Structural data
The following 101 protein structures were selected from the Protein Data Bank (Bernstein et al., 1977 sequence identity with one another and their resolutions are better than 2.5 A. The parameters defining the compatibilityevaluation functions were derived using this set. A given sequence was compared with this set of structures.
Sequence comparison
The Needleman-Wunsch algorithm (1970) and the PAM250 matrix (Dayhoff et al., 1978) were used for amino acid sequence comparisons. The statistical significance of the sequence similarity was evaluated by a jumbling test with 100 pairs of randomized sequences. The significance was expressed in units of standard deviation from the mean. Generally, 4.0 or more is required for significant similarity. A multiple sequence alignment was constructed with a pairwise-based method, using the minimum spanning tree algorithm (Matsuo & Kanehisa, 1993) .
